A novel a-amylase/pullulanase-producing bacterium, designated strain GST4
Cassava is a non-food crop mainly used for producing starch and ethanol in southern China. In commercial starch production, discharge waste pulp of cassava still contains 5-10 % starch, and the pH of wastewater in the storage pool is always 4.0-5.0. In our investigation of bacteria that produce starch-digesting enzymes under the acidic conditions of cassava wastewater samples, a Gramreaction-positive bacterium, designated strain GST4
T , was isolated. Phenotypic, chemotaxonomic and phylogenetic analyses established the affiliation of strain GST4 T with the genus Tumebacillus. The genus Tumebacillus was first proposed by Steven et al. (2008) and at the time of writing this genus comprises two species: Tumebacillus permanentifrigoris and Tumebacillus ginsengisoli. The former was isolated from permafrost in the Canadian high Arctic (Steven et al., 2008) and the latter was isolated from the soil of a ginseng field in Pocheon Province in South Korea (Baek et al., 2011) . In this study, strain GST4
T was characterized and the results proved it to represent a third species of the genus Tumebacillus.
The wastewater samples were collected from a cassava starch factory in Guangxi Autonomous Region, southern China (22 u 179 430 N 107 u 689 270 E). The samples were
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of Tumebacillus flagellatus GST4 T is JQ421297. Single colonies were picked up and purified by streaking on SM agar three times. Strain GST4 T was one of the isolates with high enzyme activity and was routinely cultured on SM or R2A agar (BBL Sensi-Discs) at 37 u C and maintained in a glycerol suspension (15 %, w/v) at 280 u C. To rapidly determine the taxonomic status of the isolates, PCR-mediated amplification of the 16S rRNA gene and sequencing of the purified PCR product were carried out. Extraction and purification of genomic DNA were performed with a commercial genomic DNA-extraction kit (Sangon Biotech). The 16S rRNA gene of strain GST4
T was then amplified by PCR using primers 27F: 59-AGAGTTTGATCTGGCTCAG-39 and 1541R: 59-AAGGAGGTGATCCAGCCGCA-39 (Lane, 1991) . The PCR mixtures and conditions were described by Steven et al. (2007) . A nearly complete nucleotide sequence (1502 bp) was determined by direct sequencing and compared with available 16S rRNA gene sequences in the GenBank database using the BLAST program (http://blast. ncbi.nlm.nih.gov/). The sequence similarities of strain GST4 T with related species were calculated by EzTaxon-e (Kim et al., 2012) . Multiple alignments with sequences from closely related species were performed by using MEGA version 5.1 (Tamura et al., 2011) . Phylogenetic trees based on a comparison of 1400 bases were reconstructed with the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Kluge & Farris, 1969) and maximum-likelihood (Felsenstein, 1981) algorithms in MEGA version 5 (Tamura et al., 2011) .
The Gram reaction was performed by the non-staining method as described by Buck (1982) . Cell morphology and motility were examined by phase-contrast microscopy (SHANGHAI CHANGFANG, CPH-200E) using cells grown for 2 days at 37 u C on R2A agar. Flagella were demonstrated using negative staining and transmission electron microscopy (TEM, Hitachi H-500). Physiological characteristics, including the presence of oxidase and catalase activity, hydrolysis of starch, gelatin and casein, utilization of carbon sources and the ability to utilize inorganic sulfur compounds were identified as described by Claus & Berkeley (1986) and Steven et al. (2008) . Carbon source and electron donor were studied on a defined medium that contained a basal salt mixture [modified medium (per litre distilled water): 3. (Atlas, 1993) ]. Filter-sterilized carbon source was added individually to the medium (at 2.0 %, w/v). The negative control medium did not contain any substrate and a positive control was cultured in R2A. Carbon source utilization was tested by using Biolog GP microplates. The plates were incubated at 37 u C for up to 5 days. Acid production was investigated using the API 50CHB multitest System (bioMérieux). Microbial growth was monitored by measuring the absorbance of the culture at 600 nm. Antibiotic sensitivity and anaerobic growth were tested as described by Baek et al. (2011) . The influence of pH on growth was investigated between pH 3.5 and 9.0 at intervals of 0.5 pH units in R2A medium, which was adjusted to various pH after sterilization. The effect of temperature on growth was investigated in R2A medium at 4, 10, 15, 20, 25, 30, 37, 40, 45 and 50 uC. Resistance to salt stress in the course of culturing was assessed by using R2A medium supplemented with NaCl ranging from 0 to 2.0 % (w/v) at intervals of 0.5 %. Triplicate experiments were performed under identical conditions. The genomic DNA G+C content was determined as described by Marmur and Doty (1962) , using the thermal denaturation temperature method. To distinguish strain GST4 T and T. permanentifrigoris DSM 18773 T , as well as strain GST4
T and T. ginsengisoli DSM 18389 T , DNA-DNA relatedness values were determined. The DNA-DNA hybridization experiments were carried out according to the spectrophotometric renaturation rate method (De Ley et al., 1970) at the Identification Service of the China General Microbiological Culture Collection Center (CGMCC), Beijing, China, using a DU800 spectrophotometer (Beckman). The hybridization conditions were: analytical wavelength, 260 nm; interval time, 30 s; total time, 3000 s; temperature, 76.5 u C.
Several chemotaxonomic characteristics were determined for strain GST4 T . Analysis of the fatty acids and the respiratory quinones of strain GST4 T were carried out at the Identification Service of the CGMCC. The fatty acids of strain GST4
T were prepared and identified from R2A-grown cells according to the standard protocol of the Sherlock Microbial Identification System (MIDI) (Sasser, 1990) . Cell mass for analysis of cellular fatty acids was harvested after incubation on R2A medium at 37 u C for 48 h. The peptidoglycan structure of strain GST4 T was also determined at the CGMCC, according to the method of Rhuland et al. (1955) .
Cells of strain GST4
T were Gram-reaction-positive, aerobic, motile and rod-shaped with peritrichous flagella and oval, swollen terminal endospores (Fig. S1 , available in IJSEM Online). Vegetative cells were approximately 3.1-4.2 mm in length and 0.5 mm in width, estimated from TEM images (Fig. 1b) . Colonies on R2A agar plates were light yellow, circular, edge-tidy and slightly-raised after cultivation at 37 u C for 48 h. The growth temperature ranged from 20 to 42 uC and the optimum growth temperature was 37 uC. Only slow growth was observed at 20 and 42 u C after incubation for 5 days. Growth occurred between pH 4.5 and 8.5, with optimum growth at pH 5.5. Strain GST4
T grew in R2A medium supplemented with 0-1.0 % (w/v) NaCl. Its optimum growth occurred in R2A medium with 0-0.5 % (w/ v) NaCl, while no growth was observed at NaCl concentrations above 1 % (w/v). Strain GST4
T formed light yellow colonies on basal media with varying times of appearance depending on the carbon source or electron donor provided. Tests with the isolate were positive for utilization of the following substrates: glucose, galactose, lactose, maltose, fructose, trehalose, xylose, cellobiose, starch, tryptone, mannitol, sorbitol, Casamino acids and yeast extract. Both Na 2 SO 3 (5 mM) and Na 2 S 2 O 3 (20 mM) supported growth, indicating that strain GST4
T was capable of facultative sulfur oxidation. The novel strain was also able to grow aerobically using nitrate and nitrite as a terminal electron acceptor. So the strain was able to grow chemolithoautotrophically as described for members of the genus Tumebacillus. No positive results were detected by using API 50CHB test strips for acid production. In antibiotic disc susceptibility testing, strain GST4
T was sensitive to ampicillin (10 mg ml ). Phenotypic, chemotaxonomic and physiological characteristics of strain GST4 T are summarized in Table 1 .
The genomic DNA G+C content of strain GST4 T was 53.7 mol%. Strain GST4
T contained meso-diaminopimelic acid (accounting for about 99 %) as a diagnostic diamino acid in the cell-wall peptidoglycan, characteristic of peptidoglycan type A1c. The major fatty acids (.10 % of the total) were iso-C 15 : 0 (74.57 %) and anteiso-C 15 : 0 (12.86 %). The full fatty acid profile of strain GST4 T is given in Table 2 . Strain GST4 T contained menaquinone 7 (MK-7) as the predominant isoprenoid quinone. These chemotaxonomic features of strain GST4
T were typical of those found in members of the genus Tumebacillus.
A comparative analysis of 16S rRNA gene sequences after simple BLAST search and alignment revealed that strain 
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Virgibacillus pantothenticus IAM 11061 T (D16275) Fig. 1 . Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences, showing the relationships of strain GST4 T and the type strains of other members of the genus Tumebacillus. GenBank accession numbers are given in parentheses. The topology of the resultant tree was evaluated by bootstrap analyses (Felsenstein, 1985) based on 1000 replications. Bar, 0.02 nt substitutions per position.
GST4
T was a member of the genus Tumebacillus. The closest phylogenetic relative was T. permanentifrigoris DSM 18773 T (with a sequence similarity of 97.3 %), with secondary similarity to T. ginsengisoli DSM 18389 T (94.5 %). The phylogenetic tree based on the neighbourjoining algorithm ( Fig. 1; using 1400 bases) showed that strain GST4
T formed a phyletic group with T. permanentifrigoris DSM 18773 T and T. ginsengisoli DSM 18389 T within the genus Tumebacillus and was distantly related to other genera. The same results were obtained based on the maximum-parsimony and maximum-likelihood algorithms (Figs S2 and S3) .
The physiological and biochemical characteristics and similarity of 16S rRNA gene sequences mentioned above indicated that the novel isolate is affiliated with the genus Tumebacillus. This strain was further characterized by clarifying its species identity through genotype analyses. The result of DNA-DNA hybridization showed that the DNA-DNA relatedness values between strain GST4
T and the two most closely related species of the genus Tumebacillus, T. permanentifrigoris DSM 18773 T and T. ginsengisoli DSM 18389T, were 44.0 % (±1.9 % SD) and 60.4 %, respectively, indicating that strain GST4
T was genotypically distinct from T. permanentifrigoris DSM 18773 T and T. ginsengisoli DSM 18389 T . Detailed characteristics that differentiate strain GST4 T from T. permanentifrigoris DSM 18773 T and T. ginsengisoli DSM 18389 T are summarized in Table 1 .
Most of the characteristics of strain GST4 T mentioned above are consistent with those of species of the genus Tumebacillus. However, the DNA-DNA relatedness values between strain GST4 T and T. permanentifrigoris DSM 18773 T , and strain GST4 T and T. ginsengisoli DSM 18389 T are relatively low, and strain GST4 T has the unique phenotypic characteristic of peritrichous flagella compared with those species of the genus Tumebacillus, which indicated that strain GST4
T is not affiliated with the two species of the genus Tumebacillus. Therefore, it can be concluded that strain GST4
T represents a novel species within the genus Tumebacillus, for which the name Tumebacillus flagellatus sp. nov. is proposed. R, resistant; S, sensitive. The three strains were positive for hydrolysis of casein and starch, and assimilation of cellobiose, D-galactose, Dglucose, lactose, D-mannitol and trehalose. The three strains were negative for catalase activity, and sensitive to ampicillin, chloramphenicol, tetracycline, kanamycin and streptomycin. None of the strains showed anaerobic growth. Data for strain 1 were from this study, and corresponding data for strain 2 and 3 were summarized as comparisons (Steven et al. 2008; Baek et al., 2011) . 
Description of
